Rice (Oryza sativa L.) produces a variety of diterpene phytoalexins, such as momilactones, phytocassanes, and oryzalexins. Momilactone B was previously identified as an allelopathic substance exuded from the roots of rice. We identified in this present study momilactone A and phytocassanes A-E in extracts of, and exudates from, the roots of rice seedlings. The concentration of each compound was of the same order of magnitude as that of momilactone B. Expression analyses of the diterpene cyclase genes responsible for the biosynthesis of momilactones and phytocassanes suggest that these phytoalexins found in roots are primarily biosynthesized in those roots. None of phytocassanes B-E exhibited allelopathic activity against dicot seedling growth, whereas momilactone A showed much weaker allelopathic activity than momilactone B. The exudation of diterpene phytoalexins from the roots might be part of a system for defense against root-infecting pathogens.
Phytoalexins are low-molecular-weight compounds that are synthesized by, and accumulated in, plants after their exposure to microorganisms. Fourteen diterpenoids have been isolated and identified from rice (Oryza sativa L.). Phytocassanes A-E, [1] [2] [3] oryzalexins A-F, [4] [5] [6] oryzalexin S, 7) and momilactones A and B 8, 9) are biosynthesized from geranylgeranyl diphosphate (GGDP) via entcassa-12,15-diene, ent-sandaracopimaradiene, stemar-13-ene, and 9-pimara-7,15-diene, respectively (Fig. 1) . The conversion of GGDP into the cyclic hydrocarbons via ent-or syn-copalyl diphosphate (CDP) is catalyzed by two distinct diterpene cyclases, as shown in Fig. 1 .
We have isolated six cDNAs encoding diterpene cyclases that are responsible for diterpene phytoalexin biosynthesis from japonica rice (cv. Nipponbare): OsCPS2/OsCyc2, 10) OsCPS4/OsCyc1, 10) OsKSL4,
11)
OsKSL7/OsDTC1,
12)
OsKSL8/OsDTC2, 13) and OsKSL10 11) (Fig. 1 ). Another group has identified these genes in indica rice. [14] [15] [16] [17] The first cyclization reaction in the production of ent-or syn-CDP begins with the addition of a proton to the terminal olefin bond of GGDP (type B).
18) The second cyclization reaction, which converts ent-or syn-CDP into hydrocarbon products, begins with elimination of the diphosphate group (type A). 18) Momilactone B (Fig. 2) was previously identified as an allelopathic substance released from the roots of rice seedlings. 19, 20) The growth of cress and lettuce seedlings is inhibited by momilactone B at respective concentrations greater than 3 and 30 mM. 19) However, the question of whether momilactone B is biosynthesized in the roots was not examined. Furthermore, the rice blast pathogen, Magnaporthe grisea, has recently been reported to infect rice roots, and root colonization led to systemic invasion of the aerial plant parts. 21) These findings prompted us to investigate whether rice phytoalexins other than momilactone B are also exuded from the roots to resist pathogen infection in soil.
To address these questions, we measured the concentrations of momilactones A and B, and of phytocassanes A-E in the roots of rice seedlings and in an agar growth medium. We also used the real-time quantitative reverse transcription-polymerase chain reaction (QRT-PCR) to analyze the gene expression of cyclases that catalyze the early step of diterpene phytoalexin biosynthesis (Fig. 1) in the roots and shoots of rice seedlings. We finally examined the biological activity of phytocassanes y To whom correspondence should be addressed. Fax: +81-235-28-2812; E-mail: toyomasu@tds1.tr.yamagata-u.ac.jp Abbreviations: CDP, copalyl diphosphate; GGDP, geranylgeranyl diphosphate; HPLC-ESI-MS/MS, high performance liquid chromatography coupled with electrospray inonization tandem mass spectrometry; QRT-PCR, quantitative reverse transcription-polymerase chain reaction; UV, ultraviolet against the growth of lettuce and Chinese cabbage seedlings to compare the biological activities of phytocassanes to those of momilactone B.
Materials and Methods
Plant materials. Rice (cv. Nipponbare) seeds were sterilized by successive use of ethanol and 70% sodium hypochlorite and then rinsed with deionized water. The sterilized seeds were germinated in deionized water in the dark at 30 C for 2 d, and then 200 germinated seeds were placed on 2000 ml of a 0.9% agar medium. These seeds were cultured at 30 C under continuous light for 8 d. Each seedling was harvested, and its shoot and root components were separated and frozen. Two independent preparations of the plant materials were performed.
Measurement of the momilactone and phytocassane concentrations. The agar medium was frozen and squeezed to release the liquid solution. This solution was extracted three times with 500 ml of ethyl acetate. The combined ethyl acetate extract was evaporated to dryness, and the residue was dissolved in 0.5 ml of 70% aqueous methanol. The roots from 150 seedlings were extracted with 80% methanol. The extract was evaporated, and the resulting aqueous residue was extracted three times with 60 ml each of ethyl acetate. The combined ethyl acetate extract was evaporated to dryness, and the residue was dissolved in 0.1 ml of 70% aqueous methanol.
Samples (about 5 ml) of the resulting solutions were subjected to high-performance liquid chromatography coupled with electrospray inonization tandem mass spectrometry (HPLC-ESI-MS/MS). An Agilent 1100 separation module (Agilent Technologies, Palo Alto, CA, USA) equipped with a 150-mm Pegasil C18 column (2.1 mm in diameter; Senshu Scientific, Tokyo, Japan) was used for HPLC with a solvent consisting of 0.1% acetic acid and 70% aqueous acetonitrile at a flow rate of 0.2 ml/min. All of the diterpenoid phytoalexins sepa- rated by HPLC were continually analyzed with a quadrupole tandem mass spectrometer (API-3000, Applied Biosystems Instruments, Foster City, CA, USA) fitted with an electrospray ion source in the positive-ion mode. Nitrogen was used as the collision gas. The ES capillary was set at 3.0 kV, and the source temperature was 400 C. The other parameters were optimized by the spectrometer software (Applied Biosystems Instruments). The diterpenoid phytoalexins were determined according to the combination of their precursor and product ions: m=z 315 and 271 for momilactone A, m=z 331 and 269 for momilactone B, m=z 317 and 299 for phytocassanes A, D and E, m=z 335 and 317 for phytocassane B, and m=z 319 and 301 for phytocassane C in the multiple-reaction-monitoring mode.
Real-time QRT-PCR. Total RNA was extracted from frozen samples (50 seedlings) by the standard SDS/ phenol method. cDNA was synthesized from 1 mg of total RNA with a QuantiTect reverse transcription kit (Qiagen). Real-time QRT-PCR was carried out with gene-specific primers (shown in Table 1 ) by TP800 thermal cycler dice (Takara) according to the manufacturer's instructions. The mean value of two replicates was normalized to a 1:1000 dilution of 18S rRNA as the internal control.
Lettuce and Chinese cabbage bioassay. Each momilactone and phytocassane was dissolved in ethanol, added to a filter paper (No. 2) in a 4-cm Petri dish, and evaporated. Each filter paper in the Petri dish was then moistened with 1.2 ml of deionized water. Ten seeds each of lettuce (Lactusa sativa L. cv. Santanasu) and Chinese cabbage (Brassica rapa cv. Harumaki-ichigou) were placed on the filter paper, and the Petri dish was placed in the dark at 25 C. The lengths of the hypocotyls were measured after 36 h.
Results and Discussion
Measurement of the momilactone and phytocassane levels in roots and media
We used the Nipponbare rice cultivar as the source material because we had used it previously in isolating genes for the biosynthesis of diterpene phytoalexins. [10] [11] [12] [13] Momilactone B is released from Nipponbare seedlings. 22) To investigate whether phytoalexins other than momilactone B accumulate in the roots or are released from the roots, we measured the contents of momilactones A and B and of phytocassanes A-E (Fig. 2) in the roots of 8-day-old rice seedlings and in the agar growth medium by using the LC-MS/MS system that we recently established for quantifying these phytoalexins.
23) The results of two independent measurements are shown in Fig. 3 . We detected momilactone B in both the roots and medium of our incubation system (Fig. 3B) , as previously reported. 19, 20, 22) Furthermore, we identified momilactone A and phytocassanes A-E in the roots and medium (Fig. 3A, C-G) at concentrations of the same order of magnitude as those of momilactone B (0.5-2 ng/plant in the roots; 3-7 ng/plant in the medium). During the preparation of this manuscript, momilactone A has also been reported to be released from the roots.
24) The contents of all of momilactones and phytocassanes released and accumulated during 8 d in the agar medium were higher than those in the roots. These results indicate that not only momilactone B, but also momilactone A and phytocassanes A-E are present in, and are released from, rice roots. It has been reported that these seven phytoalexins possessed antimicrobial activities; the ED 50 values for momilactones A and B, and phytocassanes A-E in preventing the germ tube growth of rice blast M. grisea were 5, 1, 5, 1.5, 3, 10, and 2 mg/ml, respectively.
1,2,25)
Expression of the diterpene cyclase genes responsible for phytoalexin biosynthesis in rice roots and shoots
To investigate whether momilactones and phytocassanes are biosynthesized in the roots, we analyzed the gene expression of diterpene cyclases that catalyze the early steps of diterpene phytoalexin biosynthesis in seedlings (Fig. 1) . Rice seedlings were grown on 0.9% agar for 8 d, separated into roots and shoots, and analyzed by real-time QRT-PCR. The results of two independent experiments are shown in Fig. 4 . We designated the type-A and type-B diterpene cyclases (as already described) as the KS type (Fig. 4A ) and CPS type (Fig. 4B) , respectively. OsKSL4 is a specific cyclase gene responsible for the biosynthesis of momilactones A and B, 11) whereas OsCPS4/OsCyc1 is responsible for the biosynthesis of momilactones and oryzalexin S (Fig. 1) . 10) In experiment 1, the transcript levels of OsKSL4 were approximately 16 times higher in the roots than in the shoots, and the expression levels of OsCPS4/OsCyc1 were also higher in the roots than in the shoots. Of the six genes examined, OsCPS4/OsCyc1 was expressed at the highest level. On the other hand, the transcript levels of OsCPS2/OsCyc2 and OsKSL7/ OsDTC1, which are responsible for the biosynthesis of phytocassanes A-E, 10, 12) in the roots were approximately the same as those in the shoots. These results were well reproduced in experiment 2, and suggest that momilactones A and B, and phytocassanes A-E are biosynthesized from GGDP in the roots as well as shoots, although momilactones A and B are possibly biosynthesized in the roots at higher levels than in the shoots. It was also found that the transcript level of OsKSL8/OsDTC2 (which is involved in biosynthesis of oryzalexin S 13) ) was similar to that of OsKSL4 in both roots and shoots, whereas that of OsKSL10 (biosynthesis of oryzalexins A-F 11) ) was much lower. To evaluate the biological significance of these diterpene phytoalexins released from and/or accumulated in the roots, the accumulation levels of oryzalexins A-F and S in the roots and exudates from the roots must be determined.
We propose from these results that momilactones and phytocassanes in the roots are primarily biosynthesized in the roots, although we cannot entirely eliminate the possibility that a certain level of the phytoalexins moves from the shoots to roots. Considering that the contents of momilactones and phytocassanes in the medium were higher than those in roots (Fig. 3) , most of the phytoalexins biosynthesized in the roots are likely to be released into the growth medium.
Effects of phytocassanes on the growth of lettuce and Chinese cabbage seedlings
It has been reported that momilactone B acted as an allelochemical 19, 20) as well as an antimicrobial substance. 25) In order to compare the biological activities of phytocassanes with those of momilactone B, we tested the effects of phytocassanes B-E on the growth of seedlings of two species of dicotyledonous plants, lettuce and Chinese cabbage. We were unable to obtain A, Expression of KS-type cyclase genes. B, Expression of CPStype cyclase genes. The gene expression levels for A and B were analyzed by QRT-PCR, using the shoot and root parts of 50 rice seedlings. The results were normalized to the expression of 18S rRNA (internal control). Two independent experiments were carried out. The expression levels are shown relative to the value for OsKSL4 in experiment 1 which was set equal to 1. enough phytocassane A for a bioassay, and assays with momilactones A and B were performed as controls. As reported previously with lettuce and cress seedlings, 19, 20) the application of momilactone B at more than 10 mM drastically inhibited the growth of both types of plant seedling, and the application of momilactone A at 100 mM slightly inhibited their growth ( Fig. 5A and B) . On the other hand, at a concentration up to 100 mM, none of the phytocassanes exhibited any inhibitory activity (Fig. 5C-F) . These results suggest that phytocassanes do not possess allelopathic activity, at least against the seedling growth of lettuce and Chinese cabbage. Given these results, it is reasonable that only momilactone B has previously been identified from the root exudate as an allelopathic substance. 19) Concluding remarks Some fungi infect the aerial parts of plants, and other fungi infect the roots. Rice blast fungus M. grisea, which is believed to attack the aerial parts of rice, causes devastating disease in infected rice plants. However, a recent report has shown that M. grisea also invaded rice roots by using a typical root-specific pathway.
21) It therefore appears that some defense systems operate in rice roots.
Momilactone B, one of the diterpene phytoalexins produced by rice, was previously shown to be released from rice roots into the environment and to significantly inhibit the growth of lettuce and cress seedlings. 19, 20) Our results indicate that not only momilactones, but also phytocassanes, are synthesized in and exuded from the roots of rice. However, phytocassanes B-E do not inhibit the growth of dicot seedlings. These rice diterpene phytoalexins were originally isolated as antimicrobial substances. As already described, all of phytocassanes A-E and momilactones A and B possess antimicrobial activities toward rice blast M. grisea. 1, 2, 25) Hence, phytocassanes might be released from the roots to defend against such soil pathogens as M. grisea. Furthermore, momilactones might act not only as allelopathic substances, but also as antimicrobial substances.
Since the molecular mechanism by which diterpene phytoalexins are exuded from root cells is unknown, further research, including experiments to identify the phytoalexin transporter proteins, should be performed. Further studies using mutants lacking the phytoalexin biosynthetic genes will provide more detailed information about the physiological role of phytoalexin release from rice roots. 
